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Comfort Improvement
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Science, Victoria University, Melbourne, VIC, Australia
Building design following the energy efficiency standards may not achieve the optimal
performance in terms of investment cost, energy consumption and thermal comfort.
In this paper, an improved multi-objective genetic algorithm (NSGA-II) is combined
with building simulation to assist building design optimization for five selected cities
located in the hot summer and cold winter region in China. The trade-offs between the
annual energy consumption (AEC) and initial construction cost, as well as between life
cycle cost (LCC) and number of thermal discomfort hours, were explored. Sensitivity
analysis of various design parameters on building energy consumption is performed.
The optimizations predicted AEC reduction of 29.08% on average, as compared to a
reference building designed following the standard, and 38.6% with 3.18% more cost
on the initial investment. New values for a number of building design parameters are
recommended for the revision of relevant building energy efficiency standard.
Keywords: building design optimization, energy efficiency design standard, life cycle cost, thermal comfort,
multi-objective genetic algorithm
INTRODUCTION
The first oil crisis in the 1970s called for the attention of the nations around the world to reduce
the energy consumption. Due to the high pressure on energy demand, the developed countries
began to study the energy consumption structure. It was found that significant amount of energy
was consumed by buildings, where great potential of energy savings was found. Therefore, those
Abbreviations: AEC, annual energy consumption; COP, coefficient of performance; CTP, cooling temperature setpoint; EUI,
energy use intensity; GA, genetic algorithm; HTP, heating temperature setpoint; ICC, initial construction cost; LCC, life
cycle cost; LCCE, life cycle carbon emissions; LCEI, life cycle environmental impact; IDH, indoor discomfort hours; MOEA,
multi-objective evolution algorithm; MOGA, multi-objective genetic algorithm; PMV, predicted mean vote; PPD, predicted
percentage of dissatisfied; PSO, particle swarm optimization; WWR, window-to-wall ratio.
Nomenclature: CBEC = building energy cost, RMB (U); Cmax = maximum construction cost among the optimal solutions,
RMB (U); Cop = present value of life cycle operating cost, RMB (U); Cr = construction cost for the reference building, RMB
(U); Ei = annual energy consumption for the ith optimal solution, kWh; Emin = minimum annual energy consumption
of among the optimal solutions, kWh; Er = annual energy consumption for the reference building, kWh; ICC = initial
construction cost, RMB (U); IDC = demolition cost, RMB (U); i = average interest rate for the last 10 years in China,
dimensionless; n = total building life span, taken as 30 years; P = present value coefficient of the uniform annual series,
dimensionless; Smax = maximum incremental cost, dimensionless; Umax = maximum energy saving rate, dimensionless; U
= average energy saving rate, dimensionless.
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TABLE 1 | Legislations and amendments for major building energy efficiency
standards.
Building energy efficiency
standard
Issued time First
amendment
Second
amendment
Residential building energy
efficiency standard for severe
cold and cold regions
JGJ26−1986 JGJ26−1995 JGJ26-2010
Residential building energy
efficiency standard for hot
summer and cold winter region
JGJ134-2001 JGJ134-2010 —
Residential building energy
efficiency standard for hot
summer and warm winter region
JGJ75−2003 JGJ75−2012 —
Energy efficiency standard for
public buildings
GB50189-2005 GB50189-2015 —
countries launched to develop building energy efficiency
standards. In China, the legislative work on building energy
efficiency standards was lacking behind. The first building energy
efficiency standard was published in 1986 (JGJ, 1986). Table 1
lists the legislations and amendments for major building energy
efficiency standards in China. The average time for amendments
of the standards is found to be 10.4 years.
Since the issue of the first building energy efficiency standards,
the actual energy savings achieved was limited. In 2013, the
energy use intensity (EUI) for public buildings increases from
117 to 148 kWh/m2, as compared to the one in the year 2001
(BERC, 2015). It is partly due to the demand for higher thermal
comfort level, and also un-optimized design following existing
design standard. It means that there is a need for building design
optimization to improve the indoor thermal comfort level while
reducing the building energy consumption and take into the
consideration in the revision of the standard.
Some researcher in China studied on how to reduce the
building energy consumption through simulation that focused
on one or two design parameters only (Yao et al., 2008; Zhang
et al., 2011; Feng et al., 2014). Yao et al. (2008) used the
building simulation software DeST to simulate the building
energy performance under different shading coefficient. Zhang
et al. (2011) studied the impact of building shape coefficient
and window-to-wall ratio (WWR) on the energy consumption
of public buildings. Feng et al. (2014) investigated the impact
of building air-tightness on the residential building energy
consumption under four different ventilation modes. However,
building energy consumption is affected by a number of factors
and studied on one or two design parameters may miss the
interactive effect on others.
Great efforts have been spent on the optimization of building
design to assist the designer considering the impact of multiple
design parameters. Some researches focused on optimization of
the energy consumption or thermal load only (Gong et al., 2012;
Jin and Jeong, 2014). Jin and Jeong (2014) used genetic algorithm
(GA) for free-form building shape optimization to minimize the
external thermal load for 20 cities in 5 climate zones. Gong
et al. (2012) integrated orthogonal method and listing method
to optimize 7 passive design parameters for 25 cities in China to
reduce the annual thermal load using a small residential house
for case study.
Other researchers have considered energy consumption and
thermal comfort (Wright et al., 2002; Gossard et al., 2013;
Carlucci et al., 2015; Yu et al., 2015). Wright et al. (2002)
applied multi-objective genetic algorithms (MOGA) approach to
find the optimum pay-off characteristic between daily operating
energy cost and thermal discomfort with emphasis on HVAC
system design. Gossard et al. (2013) coupled artificial neural
network with the non-dominated-and-crowding sorting genetic
algorithm II (NSGA-II) to optimize the equivalent thermos
physical properties of the external walls to reduce the annual
energy consumption (AEC) and improve thermal comfort in
summer. Yu et al. (2015) coupled back-propagation network
with NSGA-II to improve thermal comfort and reduce energy
consumption. Carlucci et al. (2015) applied NSGA-II to find the
optimum K values of external walls, roof, floor, and windows as
well as shading and window type to improve indoor thermal and
visual comfort.
Cost is not considered in the above mentioned studies,
however it is also a very important factor in addition to the energy
consumption and it cannot be neglected in building practice
or sustainable building design. Hamdy et al. (2011) proposed a
modified MOGA method to minimize the investment cost and
carbon dioxide equivalent (CO2-eq) emissions for a two-story
residential building and its HVAC system, which predicted 26%
in investment cost and 32% in CO2-eq emission as compared
to the initial design. Ascione et al. (2015) coupled MATLAB
with EnergyPlus to find the optimum building retrofit cost over
the life cycle using MOGA approach to reduce energy demand
and improve indoor thermal comfort, considering changes in
the solar radiation absorption coefficient of the roof, insulation
layer thickness of the roof and external wall, air temperature
setpoint, window type, boiler type and chiller type. Znouda
et al. (2007) combined GA with a simplified building thermal
evaluation tool (CHEOPS) to investigate the impact of building
shape, structures of roof and external walls, and shading device
on building energy consumption and construction cost. It was
found that a reduction of 18% on the construction cost will
lead to 32% increase on building energy consumption in the
Mediterranean area. Dubrow and Krarti (2010) combined GA
with DOE-2 to optimize building shape and types of building
envelopes to minimize the life cycle cost (LCC) and found that
the LCC for rectangular and trapezoidal shape buildings have the
best performance as compared to L shape, H shape, U shape,
and T shape. Wang et al. (2006) applied MOGA to find the
optimum trade-offs between LCC and life cycle environmental
impact (LCEI), where building shape, wall type, roof type, and
floor type, window type and WWR are considered. It was found
that the rectangular shape performed better than the “L” shape
in Montreal. Liu et al. (2015) applied a revised particle swarm
optimization (PSO) algorithm to find the trade-offs between
LCC and life cycle carbon emissions (LCCE) of building designs
in Hong Kong, considering wall types, WWR, window types,
building orientation and external sun-shade.
Although there have been a number of researches on the
optimization of building energy efficiency design, little efforts
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have been made to compare the findings on the values of the
design parameters from optimization with those recommended
by the building design standards and provide suggestions for
improvements/modification on the standards. Meanwhile,
many of the researches have been focused on reducing energy
consumption, thermal load or reducing energy consumption
and improve thermal comfort, or finding the trade-offs between
energy consumption and construction cost for retrofit, or LCC
and life cycle CO2-eq emission. There are little researches found
on optimizing the energy consumption and initial construction
cost in China mainland and to explore the trade-offs between
LCC and level of thermal discomfort. Moreover, it is important
to find out the impact of each design parameters through
sensitivity analysis from the outcomes of optimization to provide
guidelines to the designer and help improve the building energy
efficiency standards in China and find the answer to what the
energy saving potential will be as compared to the current energy
efficiency standards. Finally, there are very few open literatures to
compare the optimum outcomes based on different optimization
criterion, e.g., trade-offs between energy consumption and
construction cost vs. trade-offs between lifecycle cost and indoor
thermal discomfort.
This study aims to explore the cost-effective building
energy efficiency design optimization with thermal comfort
improvement for a residential building in the cold winter/hot
summer region in China. It focuses on construction cost,
building energy consumption, LCC and indoor thermal comfort.
The research outcomes from this paper can provide insights
for the researchers on cost-effective building energy efficiency
design optimization problems with emphasis on improving the
thermal comfort level in China. The trade-offs between the
annual building energy consumption and initial construction
cost, as well as between LCC and thermal discomfort will
be investigated. Sensitivity analysis and comparison on the
results from the two different optimization approaches will be
presented and analyzed. New values for a number of building
design parameters are recommended for the revision of relevant
building energy efficiency standards based on the outcomes from
the optimization.
The following section describes the utilization of the method
and its evaluation for a residential house in five typical cities
located in the hot summer/cold winter region in China.
METHODOLOGY
Optimization Framework
NSGA-II, which is a “fast and elitist multi-objective” method
providing a good tradeoff between a well converged and a well
distributed solution (Deb et al., 2002), is adopted in this research.
This algorithm uses a specific population sorting based first on
dominance, and then on a crowding distance computed for each
individual. Due to this selection process, both convergence and
spreading of the solution front can be ensured. It is recognized
as one of the most efficient multi-objective evolution algorithms
(MOEA) (Zitzler et al., 2000; Attia et al., 2013).
The GA needs to establish an appropriate initial population.
Through selection, crossover, and mutation processes, new
population are generated. Then the values of the objective
functions are evaluated iteratively, until the optimal solutions
are found.
Figure 1 presents the flow diagram for the building design
optimization by coupling GA with building simulation software.
The GA generates inputs to the building simulation software,
while the later return simulation results on energy consumption,
cost and return the values back to GA for optimization. Selection
of the inputs are based on the findings from open literature
(Wang et al., 2006; Dubrow and Krarti, 2010; Hamdy et al.,
2011; Zhang et al., 2011; Gong et al., 2012; Jin and Jeong, 2014;
Ascione et al., 2015; Liu et al., 2015; Yu et al., 2015). The
design parameters selected in this paper are related to building
orientation, WWR, window shading, heating temperature set
point, cooling temperature set point, external wall structure
(insulation), roof structure (insulation), and glazing type. The
initial values for those parameters are selected based on the
recommendation from the building energy efficiency design
standard JGJ134-2010 (JGJ, 2010). The construction cost are
taken from the cost booklets, e.g., HPCECMC (2013a,b) and
embedded into the building simulation software. In this way the
initial populations of the buildings are generated. The building
energy consumption and associated construction cost are then
estimated by the building simulation software, and the results
will be passed to the GA program for analysis. This iteration
process will continue until the optimal solutions are found. For
the second step, the LCC and indoor thermal discomfort will be
taken as the objective functions.
Objective Functions
As mention above, this research aims at evaluating the energy
saving potential under current energy efficiency standards for
residential buildings. At the same time, the building construction
cost needs to be affordable so it can be accepted in the practical
world. The four objective functions considered in this research
are building energy consumption, initial construction cost, LCC
and indoor thermal comfort, where the former two forms the
first group and the latter two forms the second group. The
energy consumption is the outcomes of annual building energy
consumption from the building simulation software. The initial
construction cost includes the cost from building construction
and HVAC system, however, the cost from land purchase,
design, and business profits are not considered. The demolition
cost could not be found from the cost booklets. However, by
consulting the construction companies, and searching from the
internet (Fang net, 2017; SHZH net, 2017), the cost of demolition
is estimated to be 40U/m2. The LCC can be calculated as follows:
LCC = ICC + Cop + IDC (1)
Cop = CBEC × P (2)
P =
[
(1+ i)n − 1
i(1+ i)n
]
(3)
The thermal comfort zone is based on the temperature and
humidity ratio as recommended byGB/T 50785-2012 (GB, 2012).
The predicted percentage of dissatisfied (PPD) and predicted
mean vote (PMV) are used for evaluation. As shown in Figure 2,
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FIGURE 1 | Building design optimization flow diagram.
FIGURE 2 | Indoor thermal comfort zone based on temperature and humidity
ratio (GB 2012).
the comfort zone (PPD ≤ 10% and −0.5 ≤ PMV ≤+ 0.5, not
considering air speed required to offset increased temperature)
in winter is represented by the black quadrangle and in summer
by the blue one. The thermal comfort indicator is represented by
the number of hours outside the comfort zone.
Settings for the Design Variables
Table 2 lists the ranges of the selected variables.
Reference Building
Climate Zone and City Selection
Table 3 lists the climate zones and associated design
requirements in China.
The hot summer/cold winter climate zone is located at the
central south part of China with invigorate economic activities
and dense population. The latitude is low and solar radiation
intensity is very strong resulted in very hot summer. However,
in winter it is the coldest region as compared to other places of
the same latitude in the world. Spring season and autumn season
are very short and not obvious. Therefore, both cooling and
heating are needed in this region. Five typical cities that covered
most area of this region are selected to find the optimal design
parameters. Figure 3 presents the location of the selected cities.
The climate data use the EPW weather files from the Energy plus
website (Energy Plus, 2016) for whole year simulation. Table 4
lists the basic climatic information for those five cities.
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TABLE 3 | Climate zones and design requirements (GB, 1993).
Climate zone Indicator Design requirement
Main indicator Auxiliary indicator
Severe cold region Average temperature of the coldest
month ≤—10◦C
The number of days is ≥145 days when
the average daily temperature is ≤5◦C
Must satisfy the heating energy need
in winter, cooling energy need in
summer is not a must
Cold region Average temperature of the coldest
month 0∼—10◦C
The number of days is 90∼145 days when
the average daily temperature is ≤5◦C
Must satisfy the heating energy need
in winter,For some area, cooling is
needed in summer
Hot summer/cold
winter region
Average temperature of the coldest
month 0∼—10◦C; Average
temperature of the hottest month
25∼30◦C
The number of days is 0∼90 days when
the average daily temperature is ≤5◦C;
The number of days is 40∼110 days when
the average daily temperature is ≥25◦C
Must satisfy the cooling energy need
in summer and adequately consider
the heating energy need in winter
Hot summer warm
winter region
Average temperature of the coldest
month >10◦C; Average temperature
of the hottest month 25∼29◦C
The number of days is 100∼200 days
when the average daily temperature is
≥25◦C
Must satisfy the cooling energy need
in winter, heating energy need in
winter is not a must
Mild region Average temperature of the coldest
month 0∼13◦C; Average temperature
of the hottest month 18∼25◦C
The number of days is 0∼90 days when
the average daily temperature is ≤5◦C
For some areas heating is needed in
winter; normally cooling is not needed
in summer
FIGURE 3 | Location of the five selected cities in the hot summer/cold winter region in China.
Reference Building Model
There are two principles to select reference building: (1) The first
principle is that the reference building should meet the building
energy efficiency design standard, this is satisfied by selecting
the values fall in the ranged as required by the building energy
efficiency design standard JGJ134-2010 (JGJ, 2010); (2) The
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TABLE 4 | Basic climatic information for the five selected cities.
City Latitude (◦N) Longitude (◦E) Elevation (m) HHD18 (◦C·d) CDD26 (◦C·d) Yearly average temperature (◦C)
Wuhan 30.62 114.13 23.3 1,501 283 16.7
Shanghai 31.40 121.47 4.5 1,540 199 16.2
Hangzhou 30.14 120.10 41.7 1,457 269 17.5
Hefei 31.52 117.14 29.8 1,487 274 15.7
Chengdu 30.67 104.52 508 1,344 56 16.2
FIGURE 4 | Reference building.
TABLE 5 | Design values of the reference building and recommend value ranges
from the design standard (JGJ, 2010).
Design values Reference building Values recommended by
the design standard (JGJ,
2010)
Thermal properties of
the external wall
K* = 0.516;D** = 2.607 K ≤1.0;D ≥2.5
Thermal properties of
the roof
K = 0.431;D = 3.238 K ≤1.0;D ≥2.5
Window-to-wall ratio 0.189 South: WWR ≤0.40;North:
WWR ≤0.40;East and
West: WWR ≤0.35
Window conductivity K = 1.978 K ≤3.2
Overall shading
coefficient
SCw = 0.36 SCw ≤0.374
ACH 1.0 ACH 1.0 ACH
COP of the HVAC
system
Winter: COP =
2.1;Summer: COP = 3.0
Winter: COP ≥1.9;Summer:
COP ≥2.3
*Conductivity.
**Index of thermal inertia.
second principle is that the reference building should have good
building energy performance and also meet the building style in
the same climate zone. Therefore, the best building orientation
recommended by the design standard JGJ134-2010 (JGJ, 2010)
is adopted, and the building shape is a rectangle, as recommend
by Dubrow and Krarti (2010) and Wang et al. (2006). In this
research, a 10m × 10m single-story concrete frame residential
building, with height of 4mwith ceiling (see Figure 4), is selected
for case study. The number of occupants in this building is 5
including two elderly people, two working persons and one child.
Building orientation is 15◦ west to south, as recommended by
the design standard (JGJ, 2010) and typical building style in the
same climate zone. A 1.0m × 2.0m door is open at the south
wall. There are two 1.8m × 2.1m aluminum windows for each
wall, making the WWR ∼18.9%. The window type, external wall
type, roof type and external shading are G5, W6, R6, and L5,
as shown in Table 2, respectively. Each room is equipped with
a split air-conditioning unit, and the indoor air temperature
setpoint is 18◦C (with setback temperature of 16◦C) in winter
and 26◦C (with setback temperature of 28◦C) in summer, as
recommended by JGJ134-2010. The coefficient of performance
(COP) for heating and cooling are 2.1 and 3.0, respectively.
Table 5 presents the comparison between and thermal-physical
properties of the reference building and the ranges of design
values as recommended by the design standard (JGJ, 2010).
It can be seen that all the thermal physical properties of the
reference building falls within the recommended ranges from
the design standard (JGJ, 2010). Design Builder (2015), validated
building simulation software using simulation engine from
Energy Plus, is selected to perform the building energy simulation
and the outcomes on the building energy consumption, initial
construction cost as well as the number of thermal discomfort
hours are summarized in Table 6.
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TABLE 6 | Summary of the simulation outcome for the selected cities.
City Building energy consumption(BEC) Initial construction cost(ICC) Number of thermal discomfort hours (DCH) Life cycle cost (LCC)
(kWh) (U) (h) (U)
Wuhan 5,881.33 281,428.5 6,415.00 354,592.92
Shanghai 5,296.58 393,999.9 6,521.00 460,287.73
Hangzhou 5,451.38 337,714.2 6,622.00 405,822.38
Hefei 5,893.95 253,285.7 6,790.00 326,598.54
Chengdu 4,526.99 239,214.2 6,351.00 296,451.66
FIGURE 5 | (A) The distribution of initial population. (B) The distribution of the 3rd population. (C) The distribution of the 5th population. (D) The distribution of the 7th
population. (E) The distribution of the 9th population. (F) Pareto solutions and the individuals in the sample space.
CASE STUDIES
Building Design Optimization for Wuhan
City
Analysis on the Optimization Process
The population size, crossover rate, mutation rate are the key
parameters that affects the accuracy and computation time of
GA. If the population size is too small, and the distribution
of population is uneven, it is prone to lead to premature
convergence. If the population size is too large, it will be time
consuming. The crossover rate, mutation rate are manually set
and have great impact on the global convergence. Alajmi and
Wright (2014) investigated on how to select the most efficient
GA sets for building optimization problem, and recommended
high crossover rate of close to 1.0 and low mutation rate of close
to 0. The population size is very sensitive to the computation
performance and it is recommended to select smaller size of
population if premature convergence can be avoided. Based
on the results from Alajmi and Wright (2014) and Ascione
et al. (2015) and through fine-tuning, on the population size,
crossover rate and mutation rate are set to be 200, 0.95, and 0.02,
respectively.
The first set of object functions are to find the trade-
off between annual building energy consumption and initial
construction cost for building design in the five selected cities.
The program was running on a desktop with CPU of 3.2
GHZ and internal memory of 4 GB. Figures 5A–E presents the
computational results for the 1st, 3rd, 5th, 7th, and 9th generation
respectively.
It is found that during the 1st generation, there appeared six
semi-optimal solutions. However they were sparsely distributed.
The individuals distributed evenly in the sample space. The
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TABLE 7 | 30 sets of Pareto solutions randomly selected for Wuhan considering the trade-offs between annual energy consumption and initial construction cost.
Pareto
solution
Building
orientation
(◦)
External
wall type
Roof type External
shading
Glazing type Window-to-
wall ratio
(%)
Heating
temperature
setpoint (◦C)
Cooling
temperature
setpoint (◦C)
Annual
building energy
consumption
(kWh)
Initial
construction
cost (U)
1 201.09 W1 R4 L1 G1 63.37 18.01 26.00 4,953.6 271,483.5
2 198.93 W1 R5 L1 G1 29.98 18.06 26.00 4,938.8 271,483.5
3 199.59 W1 R5 L2 G1 59.34 18.05 26.00 4,940.8 271,526.7
4 198.93 W2 R2 L7 G1 34.15 18.02 26.00 4,635.6 273,136.7
5 287.34 W2 R2 L8 G1 24.85 18.05 26.00 4,648.3 273,179.9
6 200.76 W2 R7 L9 G1 55.44 18.01 26.00 4,640.9 273,223.1
7 198.93 W5 R6 L8 G5 24.85 18.05 26.00 3,935.0 280,548.3
8 198.93 W5 R6 L9 G5 30.12 18.01 26.00 3,939.1 280,591.5
9 198.93 W5 R5 L9 G5 29.23 18.01 26.00 3,928.6 280,591.5
10 199.26 W4 R9 L1 G7 35.04 18.06 26.00 3,931.7 281,494.0
11 198.93 W4 R6 L1 G7 30.19 18.01 26.00 3,921.4 281,494.0
12 198.93 W6 R7 L7 G5 31.42 18.05 26.00 3,855.6 281,969.9
13 202.09 W6 R4 L8 G5 16.09 18.01 26.00 3,865.2 282,013.1
14 198.93 W6 R7 L8 G5 31.42 18.06 26.00 3,851.1 282,013.1
15 200.92 W6 R5 L9 G5 58.45 18.05 26.00 3,858.2 282,056.3
16 198.93 W6 R7 L9 G5 31.42 18.01 26.00 3,847.1 282,056.3
17 198.93 W5 R8 L1 G7 35.04 18.05 26.00 3,825.7 282,838.8
18 198.93 W5 R2 L1 G7 21.43 18.01 26.00 3,815.8 282,838.8
19 198.93 W5 R2 L5 G7 31.21 18.01 26.00 3,790.9 283,011.6
20 201.09 W5 R6 L6 G7 59.88 18.05 26.00 3,797.5 283,054.9
21 198.93 W5 R2 L6 G7 21.02 18.01 26.00 3,786.8 283,054.9
22 199.26 W5 R6 L7 G7 36.28 18.05 26.00 3,794.3 283,098.1
23 198.93 W8 R6 L6 G7 29.23 18.01 26.00 3,584.4 287,302.0
24 200.92 W8 R9 L7 G7 20.26 18.05 26.00 3,591.4 287,345.2
25 198.93 W8 R6 L7 G7 29.23 18.01 26.00 3,581.5 287,345.2
26 200.92 W8 R9 L8 G7 24.85 18.06 26.00 3,590.3 287,388.4
27 202.09 W9 R9 L8 G7 30.12 18.05 26.00 3,543.3 288,779.5
28 198.93 W9 R9 L8 G7 39.08 18.02 26.00 3,535.3 288,779.5
29 200.92 W9 R9 L9 G7 30.12 18.05 26.00 3,539.8 288,822.7
30 198.93 W9 R2 L9 G7 30.12 18.01 26.00 3,529.9 288,822.7
minimum annual building energy consumption was slightly
higher than 8,000 kWh and the minimum initial construction
cost was close to U273,000. After the 3rd generation, the
minimumAECwas already lower than 8,000 kWh andminimum
initial construction cost was below U272,000. However, after the
5th generation, the speeds on the convergence of the annual
building energy consumption and construction cost have slowed
down, and the sample of individuals gradually converged to the
semi-optimal solutions.
From the 7th generation to the 9th generation, it is observed
that there were little changes on the minimum annual building
energy consumption and initial construction cost, which means
that they have approached their limits. More semi-optimal
solutions appeared and the individuals in the sample space
moved close to the semi-optimal solutions.
The program ended at the 100th generation and the outputs
on the AEC and initial construction cost of Pareto solutions and
values of associated design variables were generated. Figure 5F
presents the Pareto solution at the final generation with part of
the individuals during the optimization process in the sample
space to help understand the progress of convergence. A total
of 244 Pareto solutions were generated meaning there were 244
optimal solutions for building design in Wuhan city with a wide
range of trade-offs between building energy consumption and
construction cost.
Analysis on the Pareto Solutions
Three indicators are developed to evaluate the performance for
each design scheme, where Umax is the maximum energy saving
rate, which represents the maximum energy saving potential;
Smax is the maximum incremental cost, which represents the
economic effect of the optimal design solution; U is the average
energy saving rate, which represents the average energy saving
potential.
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FIGURE 6 | (A) Pareto solutions and the individuals in the sample space for Hangzhou. (B) Pareto solutions and the individuals in the sample space for Chengdu. (C)
Pareto solutions and the individuals in the sample space for Hefei. (D) Pareto solutions and the individuals in the sample space for Shanghai.
TABLE 8 | Analysis on the optimal results for the five selected cities.
City Umax(%) Smax(%) U(%)
Wuhan 39.98 2.63 29.22
Shanghai 38.42 3.47 29.16
Hangzhou 39.79 3.36 30.50
Hefei 36.42 3.47 27.25
Chengdu 38.37 2.98 29.29
Average value 38.60 3.18 29.08
The three indicators can be obtained by the following
equations:
Umax = (Er − Emin)/Er · 100% (4)
Smax = (Cmax − Cr)/Cr · 100% (5)
U =
∑n
i=1
(Ei − Er)/nEr · 100% (6)
Based on the calculation outcomes, the values for Umax, Smax, and
Uare equal to 39.98, 2.63, and 29.22%, respectively, which means
that through reasonable design, 2.63% in the construction cost
can lead to reduction rate of 39.98% on the AEC. Meanwhile,
there are 126 cases where the values for the incremental cost
are negative, indicating optimal designs without increase in the
construction cost. The average energy saving rate is 29.22%which
is very promising.
Table 7 lists 30 sets of Pareto optimal solutions and associated
values of the design parameters, which can be used at the design
stage or for building retrofit purpose for existing buildings.
However, once the building is constructed, the investment cost of
retrofit to achieve building energy saving of 29.22% will be much
higher than optimization at the design stage. This is the benefits
of building design optimization.
Building Design Optimization for Other
Cities
Optimizations are performed for other four cities to test the
feasibility of this approach. The information for the reference
building, variable type, ranges of design variables and control
parameters stay the same and only the local climate conditions
are different for each city. The optimization processes are similar
with the one in Wuhan, which are presented in Figures 6A–D.
The optimal values for building orientation are 196.6∼202.1◦,
and the optimal values for CTP and HTP converge to 26 and
18◦C, respectively.
Table 8 summaries the values of the three indicators of Umax,
Emax, and U for the five selected cities. It is found that the
values all the three indicators are very stable for different cities.
It is worth mentioning that in Chengdu, although it belongs to
the hot summer and cold winter region, the weather is mild
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compared to the other four cities, and therefore the baseline
energy consumption of which is much lower than the ones in the
other cities. Yet the average energy saving potential in Chengdu
still reaches 29.29% and the maximum incremental cost is 2.98%,
which are quite close to the average values of 29.08 and 3.18%
for all the five cities. It proves that the optimization approach is
adapted to different cities and areas.
Sensitivity Analysis
Since the cost of walls, roofs, windows, and shadings are
determined by information obtained from the Construction
Engineering Cost Management Center, in this section, the
sensitivity analysis is performed only to study the impact of
each design parameter on the AEC. As it is an optimization
approach, the analysis is based on comparison on the
optimal solutions with variation on the value of one design
parameter.
Figure 7 presents the sensitivity analysis of WWR on AEC. It
is found that the AEC in Chengdu is most sensity to the WWR,
followed by Shanghai, Hangzhou, Wuhan, and Hefei. With every
5% increase in the WWR, the average increases on the AEC for
those five cities are 22.1, 16.8, 15.5, 10.8, and 10.6%, respectively.
At the same time, it is observer that 45% is the turning point for
WWR. Above this point, the rate of increase in AEC is higher
than below this point. Therefore, 45% can be considered to be the
high limit forWWR in this region, which is in consistent with the
current building energy efficiency design standard. The impact
of WWR on annual energy performance separated for heating
and cooling season was also investigated. It has been found that
there are multiple combinations of heating energy and cooling
energy that lead to minimal energy consumption, and therefore
the thermal behavior tendencies cannot be determined separately
for heating and cooling during the whole year.
Figures 8, 9 present the sensitivity analysis of the cooling
temperature setpoint (CTP) and heating temperature setpoint
(HTP) on the AEC, respectively. Again, the AEC in Chengdu is
most sensitive to the CTP (with the lowest baseline), followed
by Shanghai, Hangzhou, Hefei, and Wuhan. With every 0.5◦C
decrease in the CTP, the average increases on the AEC for those
five cities are 19.2, 11.3, 9.33, 8.92, and 8.90%, respectively.
The AEC in Chengdu is also most sensitive to the HTP (with
the lowest baseline), followed by Shanghai, Heifei, Hangzhou,
and Wuhan. With every 0.5◦C increase in the HTP, the average
increases on the AEC for those five cities are 22.3, 16.5, 13.9, 12.9,
and 12.9%, respectively. There is a sharp increase when the HTP
is between 21.5 and 22.0◦C, this is probably due to simultaneously
heating and cooling. The cooling and HTP have great impact on
the indoor thermal comfort, which shall be discussed in section
Comparison on the OptimizationWith Different Set of Objective
Functions.
Figure 10 presents the sensitivity analysis of the external
shading on AEC. It was found that for all the five cities, the AEC
is not sensitive to the external shading. For every 10 cm increase
in the horizontal cantilever length, the resulted decrease in AEC
is less than 1%. It does not mean that external shading is not
important in building design, but rather the choice of external
shading depends on building orientation,WWR and glazing type.
For buildings with very lowWWR, glazing type of G6, the impact
of external shading can be neglected.
Figure 11 presents the sensitivity analysis of roof insulation
on AEC. Similar impacts were found for all the five cities. As
the thickness of insulation layer increases, the effect on energy
saving gradually decreases. The average energy reduction for
every 10 cm increase in the insulation layer before reaching 60 cm
is 4.8%. After that, it is reduced to 1.7%. Therefore, it is not
reasonable to increase the insulation thickness to maximum in
term of energy and investment cost. For mid-rise and high-rise
building, the area of the roof is small as compared to the total
construction area, and therefore the energy saving potential will
be limited.
Figure 12 presents the sensitivity analysis of wall insulation on
AEC. Similar to the impacts of roof insulation, as the thickness
of insulation layer increases, the effect of energy saving gradually
decreases. The average energy reduction for every 10 cm increase
in the insulation layer before reaching 60 cm is 6.4%. After that, it
is reduced to 2.3%. Since the area of the walls is large as compared
to the total construction area regardless of the building type,
energy savings can be achieved by carefully selection of the wall
insulation thickness.
Figure 13 presents the sensitivity analysis of glazing type on
AEC. It was found that the energy savings through changing the
thickness of glazing is very limited regardless of the glazing type.
The energy saving potential for glazing with air gap performs
better than single layer glazing, and Low-E glazing is better than
normal clear glazing.
The AEC is not sensitive to the building orientation for all the
five cities and it fluctuates and changes slightly in the whole value
range of building orientation (Figure 14). The optimal values
of the five cities are around 197 and 198◦, or 17 and 18◦ east
to south (180◦ means facing due south). The values are close
to the recommended value of 15◦ east to south from building
energy efficiency design standards for Shanghai and Hangzhou.
However, it is different from the one recommended for Wuhan
of 15◦ west to south.
Comparison on the Optimization With
Different Set of Objective Functions
Previous sections explore the trade-offs between the building
energy consumption and initial construction cost, for all the
cities, the HTP converged to 18◦C and CTP converged to
26◦C, resulted in large amount of reduction in building energy
consumption, however, the level of indoor thermal comfort was
scarified. If the thermal comfort is included in the objective
function, what would be the impact on the choices of HTP
and CTP? At the same time, as the LCC takes into account
the building life span, initial construction cost as well as the
annual building energy consumption and demolition cost, it is
a better indicator to evaluate the sustainability of the building
than the initial construction cost. Therefore, this section explores
the optimal solution considering the trade-offs between LCC and
number of indoor discomfort hours (IDH). The same reference
building model, ranges of design variables and settings on the
optimization process are used.
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FIGURE 7 | Sensitivity analysis of the window-to-wall ratio on the annual energy consumption.
FIGURE 8 | Sensitivity analysis of cooling temperature setpoint on annual energy consumption.
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FIGURE 9 | Sensitivity analysis of heating temperature setpoint on annual energy consumption.
FIGURE 10 | Sensitivity analysis of external window shading on annual energy consumption.
Optimal Results Based on New Objective Functions
Figures 15A–E presents the Pareto solutions for the trade-
offs between LCC and IDH for the five selected cities. The
results are similar for Wuhan, Shanghai, Hangzhou and Hefei,
which are different from Chengdu due to its special weather
condition. Each graphic can be divided into two parts by the
broken line, denoting two different regions of convergence. The
upper part of the graphic is the region of convergence due
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FIGURE 11 | Sensitivity analysis of roof type on annual energy consumption.
FIGURE 12 | Sensitivity analysis of wall type on annual energy consumption.
to cooling temperature control, and the bottom part is due
to heating temperature control. For the cooling temperature
control dominated region, the HTP is maintained at 18◦C, and
the CTP variates to improve the thermal comfort level. The
cooling temperature dominated control strategy can help to
reduce the number of discomfort hours to less than 4,000 h.
For the case in Wuhan, it can be reduced to 3,745 h. To
further reduce the number of thermal discomfort hours, heating
temperature control is needed. For HTP control dominated
region, the CTP is maintained at the optimal setpoint and the
HTP variates to improve the indoor thermal comfort level.
The final number of thermal discomfort hours is reduced
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FIGURE 13 | Sensitivity analysis of glazing type on annual energy consumption.
FIGURE 14 | Sensitivity analysis of building orientation on annual energy consumption.
to about 700 h, and theoretically it can be reduced to 0 h.
However, due to the cost constrain on the LCC, it does not
appear.
For the case in Chengdu, it was found that there is an empty
space divided by two broken lines. Other processes are similar to
the case inWuhan. The CTP dominated control strategy can help
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FIGURE 15 | (A) Pareto solutions for Wuhan. (B) Pareto solutions for Hangzhou. (C) Pareto solutions for Chengdu. (D) Pareto solutions for Hefei. (E) Pareto solutions
for Shanghai.
TABLE 9 | 20 sets of Pareto solutions randomly selected for Wuhan considering the trade-offs between life cycle cost and number of indoor discomfort hours.
Pareto
solution
Building
orientation
(◦)
External
wall type
Roof type External
shading
Glazing type Window-to-
wall ratio
(%)
Heating
temperature
setpoint (◦C)
Cooling
temperature
setpoint (◦C)
Lifecycle cost
(U)
Number of
indoor
discomfort
hours (h)
1 198.10 W9 R1 L6 G7 60.36 18.00 25.55 335,435.4 5,948.00
2 196.60 W9 R1 L6 G7 29.64 18.00 25.53 335,489.1 5,936.00
3 198.10 W9 R1 L1 G7 29.71 18.00 25.04 337,002.8 5,542.50
4 198.43 W9 R1 L8 G7 28.89 18.02 24.71 337,759.9 5,520.00
5 198.10 W9 R1 L8 G7 60.43 18.00 23.83 340,193.4 4,830.00
6 201.85 W9 R1 L1 G7 29.71 18.02 23.29 342,168.5 4,314.00
7 208.40 W9 R1 L1 G7 60.36 18.05 23.26 342,385.0 4,288.00
8 196.77 W9 R1 L1 G7 60.64 18.00 22.05 345,992.3 3,728.00
9 198.10 W9 R1 L6 G7 60.36 18.00 25.55 335,435.4 5,948.00
10 198.43 W9 R1 L8 G7 28.89 21.91 25.95 346,702.7 3,674.00
11 283.51 W9 R6 L4 G7 60.43 21.96 25.38 348,393.2 2,825.00
12 199.26 W9 R1 L1 G7 60.36 21.98 24.75 350,350.5 2,358.00
13 198.27 W9 R1 L1 G7 29.64 21.97 24.69 350,472.7 2,345.00
14 198.43 W9 R1 L2 G7 60.02 21.97 24.19 351,914.1 1,985.00
15 198.10 W9 R1 L8 G7 60.36 21.97 23.33 354,556.3 1,441.50
16 198.27 W9 R7 L9 G7 28.95 21.97 23.34 354,514.8 1,438.00
17 198.43 W9 R7 L1 G7 60.43 21.97 23.18 355,175.3 1,238.00
18 198.43 W9 R1 L3 G7 60.02 21.98 22.69 356,765.9 9,32.50
19 203.51 W9 R1 L8 G7 29.64 21.98 22.33 357,979.6 8,07.00
20 203.51 W9 R1 L1 G7 29.64 21.98 22.19 358,676.6 7,08.00
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TABLE 10 | 20 sets of Pareto solutions randomly selected for Chengdu considering the trade-offs between life cycle cost and number of indoor discomfort hours.
Pareto
solution
Building
orientation
(◦)
External
wall type
Roof type External
shading
Glazing type Window-to-
wall ratio
(%)
Heating
temperature
setpoint (◦C)
Cooling
temperature
setpoint (◦C)
Lifecycle cost
(U)
Number of
indoor
discomfort
hours (h)
1 199.10 W9 R9 L1 G7 48.80 18.00 25.69 284,940.7 5,992.00
2 198.43 W9 R9 L1 G7 34.77 18.05 25.19 286,870.9 5,727.00
3 198.43 W9 R9 L1 G7 34.77 18.05 25.19 286,870.9 5,727.00
4 198.43 W9 R8 L4 G7 23.55 18.05 24.57 288,673.8 5,454.00
5 197.77 W9 R8 L7 G7 23.69 18.05 24.14 290,027.0 5,194.50
6 197.77 W9 R8 L9 G7 23.62 18.05 23.99 290,449.5 5,073.50
7 197.77 W9 R9 L7 G7 48.80 18.05 23.99 290,498.4 5,050.50
8 193.11 W9 R9 L8 G7 53.72 18.05 23.44 292,360.5 4,665.50
9 197.77 W9 R9 L8 G7 48.80 18.05 23.24 293,064.0 4,507.00
10 199.93 W9 R5 L6 G7 53.72 21.68 25.94 293,640.9 3,191.00
11 198.43 W9 R9 L6 G7 53.25 21.80 25.76 294,711.5 2,941.50
12 193.11 W9 R9 L1 G7 24.85 21.79 25.23 296,924.1 2,569.00
13 194.61 W9 R9 L8 G7 47.70 21.68 24.07 300,305.7 2,016.00
14 192.32 W9 R9 L7 G7 58.72 21.71 24.09 300,397.6 1,975.00
15 192.32 W9 R9 L7 G7 58.72 21.78 23.50 302,770.2 1,441.50
16 197.64 W9 R9 L3 G7 53.66 21.68 23.24 303,531.8 1,254.00
17 193.49 W9 R9 L4 G7 51.12 21.78 22.44 306,707.9 609.00
18 199.93 W9 R9 L8 G7 23.62 21.71 22.00 308,039.7 386.50
19 197.77 W9 R6 L3 G7 34.77 21.82 22.00 308,775.3 253.50
20 199.10 W9 R9 L1 G7 48.80 21.99 22.00 309,714.8 229.00
to reduce the IDH to 4,410 h, and the HTP dominated help to
reduce IDH from 3,211 h to about 200 h. There are about 1,200 h
that requires no heating or cooling control, meaning about 50
days of transition seasons in Chengdu, which is much longer than
in Wuhan.
Comparative Analysis of Optimal Solution Variables
Tables 9, 10 list the 20 sets of Pareto solutions each for
Wuhan and Chengdu, respectively. It was found that there
were almost no changes on the choices of building orientation,
external wall type and glazing type. The building orientation
for Wuhan, Chengdu and Shanghai is still around 15◦ east to
south. However, for Hefei andHangzhou the building orientation
is around 75◦ west to south. The thickness of external wall
insulation is 9 cm, and the glazing type is 3mm double Low-E
glazing with air gap (type G7). The CTP is around 22∼26◦C,
and HTP is around 18∼22◦C. There is no obvious variation
pattern for other design variables. Since the level of thermal
comfort is very sensitive to the indoor air temperature, and
when the room air temperature is maintained at 22◦C, high
level of thermal comfort can be achieved. If it is possible
to provide district heating in this region, it is suggested to
raise the HTP in winter to improve the level of thermal
comfort.
According to the sensitivity analysis in section Comparison
on the Optimization With Different Set of Objective Functions,
the building energy consumption is very sensitive to the
indoor air temperature setpoint. When the air temperature
is maintained at the comfort zone, the building energy
consumption will be high. The optimal solutions try to
overcome this by increasing the thickness of external wall
insulation layer, selecting appropriate types of window glazing
and WWRs.
CONCLUSIONS
In this paper, the trade-offs between AEC and initial
construction cost, as well as the trade-offs between lifecycle
cost and number of indoor thermal discomfort hours are
investigated. The outcomes of the design parameters of
the Pareto solutions are compared with the recommended
values based on the building energy efficiency design
standard in China to reveal the energy saving potential
and provide the researchers with insights on cost-effective
building energy efficient design optimization with thermal
comfort improvement. The following conclusions can be
made:
(1) Compared to the reference building designed followed current
building energy efficiency design standard, the average energy
saving potential is 29.8%, and it can be achieved at the design
stage. With maximum increase in the initial construction cost
of 3.18%, the saving potential can be as high as 38.6%.
(2) There are discrepancies between the recommended values
from the energy efficiency design standard and the outcomes
from the Pareto solutions, especially on the building
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orientation, which could be considered for modification of the
design standards for different cities.
(3) The WWR, HTP, CTP, roof insulation and external wall
insulation are the key parameters that affect the building
energy consumption in the hot summer/cold winter region.
(4) When LCC and number of IDH are considered, the CTP
is recommended to be between 22 and 26◦C, instead of
converging to 26◦C. Similarly, the HTP is recommended to
be between 18 and 22◦C, instead of converging to 18◦C. At
the same time, the external wall type and window type are
converged to W9 and G7, respectively.
(5) The proposed optimization approach can be employed at the
building design phase as well as to evaluate the energy saving
potential for existing building through retrofit.
There are certain limitations with this study. First, it mainly
focuses on building envelop and the cooling and heating
setpoint and therefore is not able to optimize the HVAC system.
Secondly, the study is carried out in the hot summer/cold winter
region in China, and therefore, the outcomes are effective only
to similar weather conditions; Thirdly, the reference building
is a single-story concrete frame residential building, which
limit the application to low-rise non-commercial buildings;
Fourthly, the study considered uniform WWR, which can
vary in actual practice; Fifthly, the study considered only
overhang shading, which can be enriched by incorporating other
types of shading devices; Lastly, more building envelop design
parameters, such as concrete thickness and air-tightness can
be included for more in-depth investigation. Future work will
integrate HVAC system with more building envelop parameters
to explore the maximum building energy saving potential.
In general, the method employed in this study can be used for
designing energy efficient building and improve indoor thermal
comfort level with limited cost increment. The outcomes of this
study can be used to revise relevant building energy efficiency
standard after careful consideration on the limitations of the
study.
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